Serial changes of left ventricular (LV) geometry and function during the development of hypertension were studied in 50 Dahl salt-resistant (DR) and 88 Dahl salt-sensitive (DS) rats fed an 8% NaCI diet beginning at the age of 6 weeks. Echocardiography at 6, 8, 1 1 , 1 3, 1 4, 1 5, and 18 weeks and in vivo invasive hemodynamic determination at 6, 8, 11, 14, and 18 weeks were performed. After 11 weeks, 33 DS rats were observed for survival analysis. The survival analyses showed that the incidence of death was 57.6% due to heart failure, 27.3% due to stroke, and 15.2% due to sudden death. However, death in the early stages of hypertension was due almost entirely to sudden death or stroke. A high value of relative wall thickness (RWT) and a small end-diastolic dimension were predictive of sudden death and stroke, but LV mass (LVM) was not.
Introduction
Left ventricular (LV) hypertrophy predicts the prognosis of hypertensive cardiovascular events independent of arterial pressure or other risk factors (1, 2) . Furthermore, LV geometric changes and deterioration of left ventricular function also predict the subsequent morbidity and mortality of cardiovascular events and extracardiac targetorgan damage (1-5). Thus, serial observations of LV geometry and functional changes from the development of hypertension to heart failure should be emphasized. However, it is very difficult to document these changes in hypertensive patients due to the difficulty of performing the longitudinal study itself, excluding obstructive coronary artery disease, age-related changes in cardiac structure, and so on as causes of deterioration in LV function.
Many experimental models of heart failure have been studied extensively (6-9). However, only a few models have clearly demonstrated a transition from compensatory hypertrophy to decompensated heart failure (10-12). The Dahl salt-sensitive (DS) rat is thought to be an appropriate model for investigating the characteristics of myocardial hypertrophy and its transition to heart failure (13). Since the pressure rise in the Dahl rat is gradual, the LV mass increases in response to greater physiological load, resulting in a limited lifespan, are more similar to human cardiac hypertrophy than hypertension in a surgically induced model. Previous studies have shown that most DS rats fed a high-salt diet after weaning have a life expectancy of less than 20 weeks (13) (14) (15) , with the primary cause of death has been heart failure (13) . The heart in this model is characterized by significant concentric hypertrophy and a hyperdynamic condition at 11 weeks of age and by subsequent decompensation with dilated hypokinetic LV after 16 weeks of age (13) . The survival data, however, were not consistent (13) (14) (15) (16) , and the relation between LV geometric changes and cardiovascular events remains to be determined in this model.
Thus, the purpose of the present study was 1) to document the in vivo evolution of hypertension and the transition to heart failure in salt-loading Dahl rats, 2) to establish the changes in LV geometry and LV function in this process, and 3) to assess the prognostic significance of LV geometry in DS rats.
Methods

Animal Models
Fifty male Dahl salt-resistant (DR) rats and 88 male DS rats (Japan SLC. Inc., Hamamatsu, Japan), all of which were 4-5 weeks old at the beginning of the study, were housed 2 rats per cage under controlled conditions of light, temperature and humidity. The rats were fed a 0.3% NaCI (low-salt) diet until the age of 6 weeks, after which time they were fed an 8% NaCI (high-salt) diet (MF rat diet, Oriental Yeast Industry, Chiba, Japan) and tap water ad libitum.
Systemic blood pressure and body weight were measured once a week. Peak systolic pressure was recorded by the tail-cuff method (Model PS-100, Riken Kaihatsu, Yokohama, Japan). Values for systolic pressure were defined by averaging measurements repeated five times. 
Echocardiography
To elucidate the in vivo LV geometry and contractile function in rats, transthoracic echocardiography was performed at ages 6, 8, 11, 13, 14, 15 , and 18 weeks (model SSH-140A, Toshiba, Tokyo, Japan), with a 7.5-MHz sector scan probe. In addition, for DS rats the final echocardiogram was taken just before death when labored respiration became apparent. Each rat was lightly anesthetized with 15 mg/kg of i.p, pentobarbital, and the left chest was shaved. Animals were then placed in the left lateral decubitus position. In failure rats with severe fatigue, anesthesia was not needed. Using a transducer focused on 7 mm, M-mode echocardiograms at the papillary muscle level were obtained, guided by two-dimensional short-axis views, and were recorded on a recorder (model TP 8700, Toshiba, Tokyo, Japan) at a paper speed of 100 mm/s. The LV dimension was determined by the leading edge method from five consecutive cardiac cycles according to the modification of the American Society for Echocardiography (17) . The LV end-diastolic dimension (EDD) and the end-systolic dimension (ESD) were measured at the widest and the narrowest dimensions for Mmode recording, respectively. The LV posterior wall thickness at end-diastole and end-systole (PWTd and PWTs) was measured at EDD and ESD. The relative wall thickness (RWT) was measured as 2 X PWTd/EDD. The changing of posterior wall thickness (%PWT) between end-systole and end-diastole was also assessed as follows: %PWT=(PWTs-PWTd)/PWTd X 100. End-diastolic volume (EDV) and end-systolic volume were calculated from EDD and ESD, and the ejection fraction (EF) was measured as (EDV-ESV)/EDVX 100. The LV mass was calculated using a standard cube formula (18, 19) . LV mass (g)=1.04X {[EDD+ (2X PWTd)]3 -EDD3} , where 1.04 is the specific gravity of muscle.
A regression equation was used to compared the calculated LV mass to postmortem LV mass in DR and DS rats (y=-0.14+1.29x, r=0.91, p<0.0001) (Fig. 1) . The modified equation, LV mass=cube formula massX 0.78 + 0.11, was then prospectively applied to subsequent echocardiographic examinations.
LV endocardial fractional shortening (FS) was calcu-lated as FS(%)=[(EDD-ESD)/EDD] X 100. In addition, since the inner half of the left ventricular wall contributes more to total left wall thickening than does the outer half, midwall fractional shortening (mFS) was also calculated according to the two-shell cylindrical model (20) as follows: mFS(%)= {(EDD+PWTd)-(ESD+PWTs)} /(EDD + PWTd) X 100.
Hemodynamic Determination
In DS rats at 6, 8, 11, 14, and 18 weeks of age or just before death by heart failure, the invasive pressures of the carotid artery and left ventricle were recorded after the echocardiographic study. Ten rats were recorded at each time point. Age-matched DR rats were also examined. Animals were anesthetized with sodium pentobarbital (50 mg/kg, administered intraperitoneally), and if the anesthetic condition was unstable, a further 10 mg/kg of sodium pentobarbital was given. Each rat was placed on its back and was allowed to breathe spontaneously. A catheter pressure transducer (Model SPC-320, Millar, Houston, USA) was inserted through the right carotid artery into the left ventricle. Zero level was calibrated electrically with a transducer control unit (Model TC-510; Millar) before insertion into the artery. The first derivative of the left ventricular pressure curve (dPldt) was obtained by electrical differentiation of the pressure signal. Hemodynamic parameters were recorded on a multichannel recorder (model WS-682G; Nihon Kohden, Tokyo, Japan) at a paper speed of 200 mm/s. Using pressure recordings, left ventricular peak systolic and end diastolic pressures were measured, and the +dP/dt and the -dP/dt were obtained from the first derivative of the left ventricular pressure. The dP/dt/P was also calculated. All hemodynamic parameters were averaged for five consecutive beats.
Estimation of LV Wall Stress
Circumferential and meridional end-systolic wall stresses at midwall (ESSmwc and ESSmwm), used as indices of myocardial afterload, were calculated using a cylindrical model that did not require direct measurement of the LV long axis (21) (22) (23) . Systolic blood pressure (SBP) measured by the tail cuff method was used to calculate the midwall stress. ESSmwc and ESSmwm were calculated as follows:
Statistical Analysis
All values are shown as mean ± SEM. The primary factors (group, time, and interaction of group and time) were tested using a two-factor ANOVA for repeated measures followed by Fisher's protected least significant difference test for between-group comparisons. Differences at specific time points (between groups and within groups) were assessed using one-factor ANOVA with post hoc comparisons by Fisher's protected least significant difference test. Correlation coefficients were obtained using linear regression (the method of least squares). The survival analysis was performed by Kaplan-Meier analysis. A probability of < 0.05 was considered significant.
Results
Serial Changes in Systolic Blood Pressure and LV Mass Figure 2 shows the serial changes in systolic blood pressure (A), body weights (B) and left ventricular weight/ body weight (LVW/BW) ratios (C) of DR and DS rats from ages 6 to 18 weeks. As shown in Fig. 2A , the blood pressures in DS rats progressively increased, reaching 250 mmHg by 12 weeks, reached a plateau at 13 weeks, and then began to decrease. In contrast, blood pressure in DR rats remained unchanged during these periods. As shown in Fig. 2B , body weight decreased in DS rats after the age of 13 weeks, whereas that in DR rats continued to increase. As shown in Fig. 2C , the left ventricular LVW/BW ratio in DS rats gradually increased, while that Survival Analysis of DS Rats creased from 11-18 weeks. Figure 4 shows the serial changes in RWT (A) and LV mass (B). RWT in DR rats progressively increased, reaching a plateau at 11 weeks. That in DS rats also progressively increased to the age of 11 weeks, after it gradually declined. LV mass continued to increase throughout the study in both DR and DS rats, and LV mass was always greater in DS than in DR rats.
Serial Changes in LV Function
Identified by Echocardiography Table 4 and Fig. 5 show the time course of the LV systolic function obtained from M-mode echocardiograms in DR and DS rats. In DR rats EF, %PWT, FS, and mFS remained constant throughout the study period. In contrast, each of these parameters in DS rats followed the same pattern: between 8 and 11 weeks levels were elevated in comparison to the age-matched DR rats. However, after 11 weeks, their values progressively decreased, and, particularly, %PWT and mFS between 13 and 18 weeks were significantly less than those of age-matched DR rats. Figure 6 shows the time course of ESSmwc (A) and ESSmwm (B) in DR and DS rats. In DR rats, both ESSmwc and ESSmwm were almost constant for rats of all ages observed in the study period. In DS rats, both ESSmwc and ESSmwm were the same or lower when compared to the DR rats matched in age. However, after the age of 11-14 weeks, these parameters continued to increase corresponding to the increase in age. , 8, 11, 13, 14, 15, and 18 weeks after feeding an 8% NaCI diet. A: midwall circumferential end-systolic wall stress, B: midwall meridional end-systolic wall stress. *p<0.001, §p<0.05 vs. DR.
Serial
Changes in Hemodynamic Parameters Obtained from Cardiac Catheterization In vivo hemodynamic measurements obtained through the catheter in DR and DS rats at the age of 6, 8, 11, 14, or 18 weeks are shown in Table 5 . The LV end-diastolic pressure (LVEDP) in DS rats remained normal at the age of 11 weeks. However, it was significantly increased after 14 weeks of age, and at 18 weeks LVEDP increased to 33.0±8.8 mmHg. The patterns of + dPl dt and -dP/ dt, which changed according to the time course, were almost the same, increaseing significantly at 8 weeks of age compared with age-matched DR rats, and gradually decreasing over time. There was a cross-point of + dP/ dt or -dP/dt near 13 weeks between DS and DR rats . Both + dP/dt and -dP/dt markedly decreased at 18 weeks of age. The dP/dtIP, which reflects changes in dP/dt independent of pressure, also markedly decreased at 18 weeks in DS rats.
Discussion
In this study, we observed the cardiovascular events associated with the progression of hypertension in DS rats and confirmed the cause of death by autopsy. In addition, we studied serial changes in LV geometry and function from the development of hypertension to heart failure. Though approximately 60% of deaths in DS rats were due to heart failure, death in the early stages of hypertension was usually due to either sudden death or stroke. High RWT values and small EDD were predictive factors of sudden death and stroke, whereas LV mass was not.
Concerning the change in LV geometric patterns, LV mass continued to increase to 18 weeks. RWT increased or remained high to 13 weeks, after which it progressively decreased. In contrast, LV chamber function was hyperdynamic at the early stage (between 8 and 11 weeks), and remained almost normal between 11 and 13 weeks. Then, after 13 weeks, all hemodynamic variables of DS rats progressively deteriorated, and all DS rats died of heart failure. Thus, our study indicates that cardiovascular events associated with the progression of hypertension are different according to the stage of hypertension and that predictable risk factors for cardiovascular events are also different.
Cardiovascular
Events Associated with the Progres-
sion of Hypertension
Survival analysis in this study showed that the incidence of death in the DS rats was 57.6% from heart failure, 27.3% from stroke, and 15.2% from sudden death.
However, the incidence of death before 14 weeks of age was 27.3% from stroke, 24.2% from heart failure, and 15.2% from sudden death. Notably, death in the early stage of hypertension was almost always due to sudden death or stroke. In view of these findings regarding cardiovascular events, the present study clearly elucidates two points. First, there is a marked difference in the stages of hypertension at which stroke and heart failure occur. Stroke usually appears earlier than heart failure.
Second, sudden death is an important cause of death, at least in this hypertensive model.
Hemodynamic characteristics identified for DS rats with (Table 2) . However, there was no significant difference in LV mass between these rats and DS rats with late-developing heart failure. It is well known that increased LV mass predicts cardiovascular events (1, 3, 24 ). However, our results indicate that a small EDD and a high RWT value are stronger predictors of cardiovascular events than in LV mass. Our findings also support other studies showing that RWT is an important and independent risk factor for cardiovascular events (2, 24) .
Serial Changes in the LV Geometric Pattern
The pattern of LV geometric change in DS rats associated with the progression of systolic blood pressure was con- However, even at this stage, the LV mass gradually increased. In view of these findings, we may conclude, regarding the LV morphological adaptation associated with hypertension, that there is a limit to increasing LV wall thickness in response to increases in afterload. This finding suggests that the increase in RWT is also limited, although LV mass has no limit. In this sense, RWT may more strongly predict cardiovascular morbidity and mortality than does LV mass. The survival analysis of our data may support this theory. ing that mild myocardial dysfunction already existed at that time in the rats. Thus, the early stage of concentric LV hypertrophy that has been classically described as "compensated" may in fact be characterized by mild abnormalities of myocardial contractility that are not detected using conventional measurements of endocardial shortening or ejection performance. The sensitivity of parameters used in evaluating LV function should be determined in the future. After 13 weeks, all hemodynamic variables of DS rats progressively deteriorated, and all DS rats had died of heart failure by the end of 19 weeks. A gradual decrease in systolic blood pressure after 13 weeks in DS rats may be related to the decrease in stroke volume. The elevation of ESSmwm is the earliest detectable change in all of the hemodynamic variables, and this elevation may be closely related to the decrease in LV contractility associated with LV hypertrophy. We have recently reported that left ventricular remodeling closely reflects myocytes function (25) . Thus, the elevation of ESSmwm may reflect myocytes dysfunction. The exact mechanism for this decrease in LV contractility is not fully understood.
One of the most important mechanisms, however, may be related to the reduction of coronary blood flow reserve in hypertensive patients with LV hypertrophy (26) (27) (28) (29) (30) . We have reported that coronary blood flow increases parallel to the increase in LV mass, but coronary blood flow per 100 g of myocardium decreases according to the increase in LV mass (31). This myocardial ischemia may induce LV dysfunction, which can lead to heart failure. In fact, the results of our recent study also indicate that there is a very close relationship between coronary blood flow per 100 g of myocardium and LV systolic and diastolic functions (32). Another possible mechanism is increased interstitial collagen and fibrosis (33). These may also result in myocardial cell death. A substantial myocardial cell death or myocytes dysfunction induces a decrease in cardiac performance, which results in left ventricular dilatation. This dilatation results in an increase in wall stress, which deteriorates fiber shortening and ejection and can result in heart failure. In addition, the LV dysfunction associated with hypertensive heart failure can seldom be returned to normal by long-term antihypertensive therapy (34). Increasing afterload by hypertension triggers this vicious cycle. Thus, in the clinical setting we must strictly control blood pressure.
Comparison of the Sensitivity of Hemodynamic Parameters
In the present study we compared the sensitivity of hemodynamic parameters as determined from the endocardial and midwall portions of the ventricular wall to evaluate the LV condition in those suffering from hypertension. Our results indicate that mFS can indicate abnor-malities earlier than FS and EF. Shimizu et al. and de Simone et al. have reported that mFS is more sensitive than FS for evaluating hypertrophied hearts, and that midwall determination is less dependent on LV geometry (20, 35) . Gaaschetal (21) have also reported as the result of an experimental study that mFS can indicate depressed myocardial contractility due to chronic LV pressure overload in dogs earlier than abnormalities of endocardial shortening. Thus, we should be careful when LV functions are evaluated using hemodynamic parameters gained from endocardial tracing.
Study Limitations
Our study has a few limitations. One limitation is the accuracy of echocardiographic measurements. Although high-frequency ultrasound can identify separate objects that are 0.2 mm apart, there is some difficulty in measuring cardiac dimension and wall thickness echocardiographically in rats. According to Fig. 1 and the study of Inoko et al. (13) , a comparison of LV masses calculated by the cube-function formula from echocardiographic measurements with those observed at autopsy has shown a linear correlation with narrow deviations in every stage of DS and DR rats. These findings may support our echocardiographically determined data.
